I. INTRODUCTION
The ever-increasing demand of noninvasive, precise, and high-spatial-resolution thermometers working in many areas of modern science and technology has inspired researchers to develop new techniques to realize this target [1] . In particular, a thermometer capable of subdegree temperature sensitivity combined with integration within a living system could provide a powerful new tool in many areas of biological, physical, and chemical research [1, 2] . In recent years, several thermometry methods have been developed, such as in encompass organic dyes [1] , quantum dot [1, 3] , Raman spectroscopy [1, 4] , and scanning thermal microscopes [5] . However, those methods have their own limitations such as fluorescence blinking and bleaching, low sensitivity, and large random errors coming from fluorescence rate fluctuations [1] [2] [3] [4] [5] . To solve those limitations, quantum sensors based on solid-state spins such as the negatively charged nitrogen-vacancy (N-V − ) center in diamonds [2, [6] [7] [8] and defects in silicon carbide (SiC) [9, 10] have attracted considerable interest recently.
The N-V − center is usually excited with a 532-nm laser and its fluorescence lies from 600 to 800 nm. Light at these wavelengths will cause more optical damage to living biological systems [11, 12] . Moreover, since the biological systems have a noisy environment, it is better to develop a self-protected method to detect the local temperature. To this end, in this paper, we present a self-protected thermometry method based on the neutral divacancy-defects spin in 4H-SiC, with its both excitation and fluorescence wavelength in the infrared (IR) spectral region [13] [14] [15] [16] [17] [18] . As compared with the N-V − center in diamond, highly sensitive thermometry based on a semiconductor material SiC is more fascinating because of its versatility in production and wide application in the realm of electronic and electromechanical devices [13, 19] . Moreover, unlike the N-V − center which has four orientations in bulk diamond [20] , one type of divacancy spins in silicon carbide has the same orientation which improves the sensitivity in variations of the sensing application by using an ensemble of divacancy spins [13, 14] . Last, there are six distinct forms of the divacancies both in 4H-SiC (named PL1-PL6) and 6H-SiC (named QL1-QL6) [13, 14] . They have attracted great interest in recent years as versatile solid-state qubits due to their excellent properties, such as an easy fabrication process, biocompatibility, and long spin coherence and relaxation times (∼ms) [13] [14] [15] [16] . These remarkable properties have been explored in many applications such as coherent control [16] , quantum registers [15] , and quantum sensing such as magnetic sensing [14] , electric sensing [17, 18] , and mechanic sensing [17] .
In this paper, we demonstrate a self-protected thermometry based on the divacancies of electron spins in 4H-SiC.
First, we theoretically demonstrate that the Ramsey fringe of the divacancy electron spins is robust against magnetic noise due to a self-protected mechanism from the intrinsic transverse strain of the defect. Then, we measure the optically detected magnetic resonance (ODMR) with a temperature ranging from about 20 to 300 K, and find its zero-field-splitting (ZFS) parameter D decreases linearly as the temperature increases in the room-temperature range. With these observations, we experimentally demonstrate a self-protected infrared thermometry based on Ramsey methods with the sensitivity about 205.6 mK=Hz 1=2 . This method provides an appealing route for a real noisy environment, especially in the biological system and microelectronics systems.
II. THEORETICAL MODEL
Here, we consider the PL5 divacancy defect in 4H-SiC [13, 14] , which is a basal C 1h symmetry divacancy showing a high ODMR contrast at room temperature [13] . The ground state shows a spin-1 character with the basis written as fj↑i; j0ij↓ig. The three ground states split at zero magnetic field, resulting in a two-ODMR resonance spectrum at D þ E and D − E. The spin Hamiltonian can be written as
ð7Þ
To perform the measurement of temperature, we adopt a Ramsey scheme. We first initialize the spin into the state j0i, and apply a π=2 pulse to drive the system into the superposition state of j0i and jþi with equal amplitude:
Þðj0i − ijþiÞ. After a free evolution for time τ, we apply another π=2 pulse to map the phase information to the state population.
When the microwave is off, the Hamiltonian is
Assuming that Ω is much larger than Δ, B 0 z , Π 0 z , and the pulse lengths are much shorter than the free evolution time, the terms including Δ, B 0 z , Π 0 z can be neglected during the pulse operations. When the microwave is on, the Hamiltonian in basis f↑; 0; ↓g can be written as
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For an initial state j0i, we first apply a π=2 pulse U π=2 ¼ e −iðπ=4ΩÞH rot ðΩÞ=ℏ that drives the system to the superposition state of j0i and jþi:
Then, the system undergoes a free evolution for time τ represented by the operator U π=2 ¼ e −iH rot ð0Þτ=ℏ . The state becomes
Finally, we apply another π=2 pulse for measurement. The final amplitude of state j0i can be calculated by
↓ Þ is the amplitude of j↑iðj↓iÞ before the final π=2 rotation. If one neglects terms higher than OðB
and the value of final population of the j0i state is
The oscillation of P 0 0 is dominated by the detuning
Since DðTÞ changes with temperature, the change of the oscillation frequency of P 0 0 can be used to determine the change of temperature.
The sensitivity for the measurement of temperature is determined by the coherence time of the spin sensor. The main noise that would affect the coherence time in the present experiment is the external magnetic-field fluctuation. In the free evolution step, the unexpected B 0 z has opposite effects on spin ↑ and ↓ by giving a positive or negative phase for the j↑i or j↓i state. As can be seen from the Hamiltonian in Eq. (7), one of the effects of transverse strain is to flip the j↑i and j↓i continuously. Therefore, the direction of the magnetic field experienced by the electron spin is changing continuously. If the strain is large enough, the effect induced by the environment noise B 0 z is reduced to the order of OðB 02 z =E x Þ, as compared with OðB 0 2 Þ when E x is negligible [6] . This provides a self-protected mechanism even without requiring an extra operation as conventional active dynamical decoupling schemes.
III. EXPERIMENTAL SETUP
The sample is a bulk high-quality semi-insulating 4H-SiC purchased from CREE. In the experiment, we use a homebuild confocal system combined with a microwave system [Figs. 1(a) and 1(b)]. A 950-nm IR laser focuses on the sample through an infrared objective with NA of 0.8. The fluorescence above 1000 nm is collected and guided through a multimode fiber to an infrared photon The sample is mounted on the xyz steppers in the Montana Cryostation (4-300 K). At room experiment, we use another confocal system which is the same with the low temperature. The sample is mounted on a resistive heater (Thorlabs, TEC3-2.5) for temperature control and a thermistor (Thorlabs, HT10K) is attached to measure the temperature. (b) Schematic figure of the microwave system. The microwave first went through two switches, one is for 20-Hz modulation and the other one is for fast spin control by pulse plaster. The output of the photoreceiver is sent to a lock-in amplifier (Stanford Research System SR830) for lock-in detection.
receiver. As a rough estimation, by converting the output voltage of our Femto receiver to photon counts and assuming that all types of divacancy have the same brightness, in the 1 μm in xy plane and 3 μm in the z-direction sensing volume, we have addressed 1.4-k PL5 defects and the defect density is around 5.8 × 10 20 m 3 . To manipulate the spin state, the microwave with a tunable frequency is fed to the sample through a microwave antenna fabricated on the sample. The antenna (Au=Pt) has a ring-shape structure with 80-μm inner diameter. To reduce the microwave noise, we modulate the microwave with a frequency of 20 Hz using a microwave switch and the same signal is used for lock-in detection of the fluorescence from the defects.
IV. RESULTS AND DISCUSSION

A. ODMR measurement
With the setup described, we first characterize the ODMR frequency of the divacancy defects. As shown in Fig. 2(a) , lower panel, different microwave frequency peaks are observed in the ODMR spectrum at zero magnetic field. To further identify these peaks, we measured the ODMR spectrum as a function of the applied magnetic field in the z direction, as shown in Fig. 2(a) , upper panel. Because of the different symmetry property of the defects, these ODMR resonances show a different diverging behavior. For example, at zero magnetic field, two resonance transitions of the c-axis divacancy have a small splitting. When there is a static magnetic field along the c axis, two transitions split at the slope of 2.8 MHz=G, as marked using the dashed line in the figure. This shows the same behavior as the N-V − center [20] . For these transitions, we identify them as PL6. While for C 1h symmetry PL5, two resonance transitions will bend and the left branch of the PL5 resonance is mixed with PL7 and the right branch is alone. All thermometry experiment in this paper is based on the right-branch resonant transition of PL5 (j0i ↔ jþi) because it is well isolated with other transitions.
Next, we proceed to measure the temperature dependence of the ODMR spectrum. Because of thermal expansion and electron-phonon interactions, transition-resonance frequencies tend to increase when the temperature decreases [24] . In the ODMR spectrum scan shown in Fig. 2(b) , all transitions of PL5 to PL7 exhibit a similar behavior, which shows that such a resonance-frequency shift is their intrinsic property. The temperature dependence of the PL5 ZFS parameter D ranging from 20 to 300 K is shown in Fig. 2(c) and the nonlinear shift is fitted with a fifth-order polynomial. The transverse strain E x (13.5 AE 0.048 MHz) is also estimated from the difference between the left branch (D − E x ) and right branch (D þ E x ). By linear fitting with a slope of −0.7 Hz=K, it indicates that the transversal component 2E x does not have an obvious shifting, and the shifting of the ZFS is mainly due to the axial component D, which shows the same behavior as the N-V − center in diamond [22] . In order to get a more detailed shifting of the D value with respect to the temperature, we measure the ODMR resonance of the PL5 right branch (D þ E x ) near room temperature [ Fig. 2(d) ]. It follows a good linear relationship with respect to the temperature at a slope of dD=dT ¼ −109.4 AE 0.4 kHz=K, which indicates a thermal shift of OMDR transition in PL5 more than N-V − centers in diamond (dD=dT − 74.2 kHz=K) [25] .
B. Coherent control
The frequency shift of ZFS shown above indicates that SiC divacancies can be potentially used as a temperature sensor by using Ramsey interferometry. As a first step, we demonstrate the coherent control of electron spins (Fig. 3) . The pulse sequence for Rabi oscillation and the Ramsey fringe is shown in Fig. 3(a) . First, a 2-μs π=2 pulse is used to initialize the spin. Following the initialization pulse, the 20-Hz modulated Rabi or Ramsey microwave pulse is applied to coherently manipulate the spin state. Finally, the spin state is read out by another 2 μs π=2 pulse. The population change of the final state will result in a change of PL intensity ΔPL, which is detected with a lock-in method. Figures 3(b) and 3(c) show Rabi oscillations and Ramsey fringes, respectively, when the temperature is 210 K. The Ramsey fringes are fitted with the equation
where a, n, φ, and b are free parameters, t is the evolution time, and T Ã 2 is the dephasing time. The oscillation of the Ramsey measurement is induced by a microwave with a detuning of 2 MHz from resonance. The spin-dephasing time T Ã 2 is a critical factor in the dc-magnetic sensing and temperature sensing [6, 26, 27] . For each temperature, we measure the Ramsey fringes and extract T Ã 2 as shown in Fig. 3(d) . The result shows that T Ã 2 remains almost constant at around 2 μs at the temperature ranging from 50 to 300 K.
Next, we demonstrate thermometry based on the Ramsey fringes method. The frequency of Ramsey fringes is induced by detuning Δ. As explained above, the temperature shift will result in a linear change of the D value as shown in Fig. 3(d) , which is directly related to the oscillations frequency of the Ramsey fringes. As shown in the Fig. 4(a) , Ramsey measurement of PL5 shows good oscillations without strong coupling with other unwanted nuclear spins. The data are fitted with Eq. (14) . The Ramsey-based method can be applied to a wide range of temperatures, as shown in Fig. 2(c) . The thermal sensitivity η has an estimated value of about 205.6 mK=Hz 1=2 . The sensitivity can be derived using [6, 28] 
where p 0 and p 1 are the photon counts per measurement shot for the bright and dark spin states, respectively. t is the measurement time. The η value given in the main text corresponds to the maximum value of exp½−ðt=T D Þ n ffiffi t p . The sensitivity is less than an order of magnitude than Ref. [2] . The reason is the contrast of Ramsey (1 − p 0 =p 1 ) is around 20% ∼ 30% [6] for N-V − centers in diamond, while in our case, the contrast is only 0.23%. Now, the low contrast 0.23% is partly caused by off-resonant excitation of other unwanted defects (PL1 to PL4, PL6, and PL7). One way to get rid of unwanted photoluminescence from other types of defects and to increase the ODMR contrast is to perform resonant excitation and only selectively excite PL5.
C. Thermal echo measurement
One of the most widely used dynamically decoupled schemes for thermometry is the thermal echo (TE) sequence [2] . TE is the Ramsey pulse sequence adding a 2π pulse in the middle of free evolution. With this extra 2π pulse, states j↑i and j↓i exchange their population, making the asymmetric phase accumulation of the B 0 z S z term before and after the 2π rotation cancel each other. For the N-V − center in diamond, TE can increase T Ã 2 by at least an order of magnitude as compared to Ramsey measurement. In our system of PL5 divacancy in SiC, however, the coherence time is not expected to increase with TE, because the effect of B 0 z has already been suppressed for Ramsey measurement.
We experimentally test the TE pulse sequence for thermometry. As shown in Fig. 5(a) , the extracted coherence time is 2.3 μs, which is in the same order of the dephasing time for the Ramsey sequence. This agrees well with our theoretical model. The frequency follows a good linear relationship with the temperature change, which is in Fig. 5(b) . The slope −108 AE 1 kHz=K again matches with the temperature dependence of the D value very well.
D. Self-protection effect
As described in the previous sections, the defect types we are using have a large transverse strain E x , which will protect the temperature sensor against the environment magnetic-field noise. We experimentally verify such a selfprotection mechanism as provided by E x . In the experiment, we vary the magnetic field around the sample with a randomly changed value between −B to B (where B is the maximum amplitude of the magnetic-field fluctuation) at a frequency of 100 Hz, and then observe how the Ramsey oscillation decay changes, which represents the effect of the magnetic field fluctuation on T (4) following the Ramsey pulse sequence discussed in previous sections. In our experiment, the magnetic field can only be applied perpendicular to the sample. Since the c axis of PL5 is at 109.5°from the normal of the sample [17] , B Our theoretical simulation as shown in red dots (Fig. 6 ) matches the experimental data quite well. The detailed simulation method and result is shown in Supplemental Material [29] . When E x ¼ 0, T Ã 2 decreases dramatically for small amplitude as shown in the simulation. We note that this agrees with the previous experimental results based on the N-V − center in diamond, where T Ã 2 is found to be very sensitive to the magnetic field perturbation [21] . Both the simulation and experimental data support our observation that the intrinsic nonzero strain E enables a self-protected mechanism for the electron spin coherence against the magnetic-field noise and therefore sustains a high sensitivity of the present temperature sensing.
V. CONCLUSIONS
In summary, we have demonstrated infrared SiC thermometry based on the coherence of electron spins with the Ramsey pulse sequence. Especially, they are protected by the intrinsic large transverse strain of the defects, which simplifies the procedure for protecting the sensor sensibility. It is to be expected that by using dynamical decoupling [13, 30] , isotopically pure SiC [31] , and techniques of higher photon collection efficiency, such as solid immersion lenses [32] , nanopillars [33] , the thermal sensitivity can be further improved. Silicon carbide itself is biocompatible and the required infrared laser beam in this thermometry sensing would cause less damage than the visible beam to the biosystem [12] . This technique can be applied to the thermometry of a living cell if SiC nanoparticles [34, 35] are used, which is similar to the nanodiamond case [2] . Moreover, combining this method with the SiC nanoparticles and atomic force microscope (AFM), it can realize the nanoscale thermal image [36] .
